High mountain lakes are naturally fishless, although many have had introductions of nonnative fish species, predominantly trout. Predation on native fauna by introduced trout involves profound ecological changes. The objective of this study was to reconstruct the historical process of trout introduction in 520 high mountain lakes >0.5 ha of the southern Pyrenees and quantify which particular factors either environmental or anthropogenic, best explained their present distribution and lake conservation status. The first written evidence of trout introductions dated back to 1371 AD. By 1900, trout had been introduced to 26.5% of lakes during preceding centuries. A subsequent wave of introductions began in 1960 when stocking led to trout becoming established in 52.5% of lakes. From 1900From -1950 distance from nearby urban centres was the dominant factor explaining 29-60% of the variation in trout distribution, indicating that trout introductions were in lakes closer to human settlements. In contrast, with the onset of modern fish management that took place during the period 1960-2000, the most significant factors were both the management practices and lake characteristics which are likely related with the probability of survival of the fish populations.
Introduction 1
Previous studies of the effects of invasive species in freshwater ecosystems have shown 2 negative ecological consequences (Vitule et al. 2009 ). Freshwater fishes are one of the animal 3 groups with higher number of invasive species, as has been shown in Europe (Hulme et al. 4 2009). At present, the introduction of freshwater fishes is closely related to human activities 5 (Marchetti et al. 2004) , and particularly with angling in the case of salmonid fishes (Cambray 6 2003) . Within high mountain lakes, the introduction of non-native fish species (mainly 7 salmonids), is a global threat with common origins, mainly related with recreational angling 8 and often promoted by different relevant governmental agencies (Pister 2001; Schindler and 9 Parker 2002) . These ecosystems are originally fishless due to natural barriers that have 10 prevented the natural colonisation of fish species from lower streams (Knapp et al. 2001a; 11 Pechlaner 1984) . 12
Introduced trout become the top predators of high mountain lake ecosystems leading to 13 profound ecological changes. Predation on native fauna can lead to the elimination of 14 amphibian and reptile populations (Knapp 2005; Knapp et al. 2001b; Martinez-Solano et al. 15 2003; Orizaola and Brana 2006; Pope et al. 2008) , changes in zooplankton and benthic macro-16 invertebrate species composition and size structure (Brancelj 2000; de Mendoza et al. 2012 ; 17 such as western North America (Bahls 1992; Schindler 2000; Wiley 2003) , where 25 introductions took place between the end of the nineteenth and beginning of the twentieth 26 century. Trout introductions were undertaken initially by individual fishermen and, a few 27 decades later, by governmental agencies responsible for fisheries management (Schindler 28 2000) . In contrast to the American continent, in European high mountain lakes the 29 colonisation process has not been studied in detail (Gliwicz and Rowan 1984; Pechlaner 30 1984; Sostoa and Lobón-Cerviá 1989) . The first introductions in the Alps were carried out at 31 the end of the sixteenth century (Pechlaner 1984) and in the Tatra mountains at the end of the 32 nineteenth century (Brancelj 2000; Gliwicz and Rowan 1984) . In the Cantabric mountains 33 (Iberian Peninsula) introductions also occurred at the end of the nineteenth century (Terrero 34
1951) and even more recently in the Sistema Central and Sistema Iberico, also in the Iberian 35
Peninsula (Martinez-Solano et al. 2003; Toro et al. 2006) . 36
Biological Conservation 167 (2013) [17] [18] [19] [20] [21] [22] [23] [24] were divided into two groups, those describing or indicators of the mode of fish introductions 93 (walking distance from the nearest town, the size of the population of the nearest town and 94 their number of hotel beds, records of helicopter stocking and the presence of forestry roads), 95 and those describing the management practice where the lake is situated (Table 1) . A detailed 96 description of how the variables were obtained is described in Appendix 1. 97 98
Statistical analysis 99
We compared the data on the presence / absence of the different fish species in the Pyrenean 100 lakes with the different environmental variables including lake characteristics, site location 101 variables, mode of introduction variables and fish management practice descriptors. We used 102 generalized additive models for the analyses because they are similar to generalized linear 103 models, but relax the assumption that the relationships between the dependent variable (when 104 transformed to a logit scale) and predictor variables are linear by estimating a nonparametric 105
Results 116

Historical process 117
More than 98% of the 520 studied lakes had actually natural barriers left after the glaciers 118 retreated that had prevented the natural colonisation of fishes. Therefore, most fish 119 populations found in them at present are presumed to have come from non-natural sources. 120
Research in historical archives confirmed that exploitation of lakes by local citizens was a 121 common traditional activity in the Pyrenees. In this case, lakes were stocked with brown trout 122 from nearby streams where it is native. The first explicit citations dated back to the 14 th and 123
15
th centuries in Lake Evol (1371 AD and 1423 AD), in Lakes Naut and Major de Saboredo 124 (1581 AD), in Piedrafita Lake (1624 AD) and Escrita and Peguera catchments (1674 AD) 125 (Miró 2011). These old documents describe both the presence of trout in some lakes, and 126 fishing for commercial exploitation of trout. After these initial historical documents, we found 127 an increase in the number of citations, probably due to the increased amount of preserved 128 written information. Our findings suggest that human exploitation of some of these lakes 129 might have originated further back in time, possibly with the human colonisation of the 130
Pyrenees. 131
We found sufficiently detailed information to be able to perform a detailed historical 132 reconstruction of introductions in the 20 th Century. As of 1900, there were 138 lakes (26.5% 133 of the total) that had been stocked with trout during preceding centuries for traditional 134 exploitation (Fig. 1) . The first modern introductions using large stocks of juvenile trout grown 135 in local fisheries occurred occasionally at the beginning of the 20 th century, but it was not 136 until 1960 that most fish stockings were recorded. During this period the number of lakes with 137 introduced trout increased to 272 (52.5% of the sample). Prior to 1900, the trout species 138 introduced was exclusively brown trout, which was also the species with the highest increaseduring the last decades of the 20 th Century, increasing from 153 lakes in 1950 (29.4%) to 262 140 (50.4%) in 2000 (Fig. 2) . The other species found, Oncorhynchus mykiss and Salvelinus 141 fontinalis, originally from North America, were first recorded in 1950 being present in 32 142 (6.2%) and 33 (6.3%) lakes respectively (Fig. 2) . These latter introductions were carried out 143 mostly by governmental agencies but also by hydroelectric exploitation companies and local 144 fishermen's societies. 145
Those lakes that had been stocked before 1900 had significantly higher surface area, 146 shorter walking distance from the nearest town and higher catchment area compared to the 147 lakes stocked after 1900. In contrast, fishless lakes had the highest altitudes, greatest walking 148 distances and lowest temperatures ( From 1900 From -1950 walking distance from the nearest settlement was clearly the dominant factor explaining from 153 29 to 60 % of deviance: the lakes where fish were introduced were those closer to human 154 settlements. This factor was followed in significance by lake surface area (13 -30% of 155 deviance increase) and lake location and altitude (Fig. A2) . In contrast, with the onset of 156 modern fish management, walking distance ceased to be the most explicative factor during the
Factors explaining the present distribution of the three introduced salmonids 164
Among the three trout species found in south Pyrenean lakes, Salmo trutta is clearly the most 165 widely distributed. It was found in 258 (49.6%) lakes and had a significantly higher chance of 166 being found in the lakes within active fish management areas (χ 2 = 138.7, p < 0.0001), in 167 lakes with HEP (χ 2 = 44.7, p < 0.0001), with nearby forestry roads (χ 2 = 44.7, p < 0.0001) or 168 in helicopter stocking areas (χ 2 = 77.65, p < 0.0001). In contrast, the probability of occurrence 169 in lakes within National Parks was not statistically different than outside them (χ 2 = 0.55, p = 170
0.457). 171
The generalized additive model selected nine of the thirteen predictor variables 172 (helicopter stocking, active fish management, surface area, altitude, location, pH < 5.5, 173
walking distance from nearest settlement, forestry road and HEP) which were significantly 174 associated with the probability of S. trutta occurrence (Table A1) . The relationship between 175 the probability of S. trout occurrence (on a logit scale) and the important continuously 176 distributed predictor variables were all significantly nonlinear (Fig. 3) . The response curve 177 describing the estimated effect of lake surface area on the probability of S. trutta occurrence 178 (pi) indicated that pi was low at the smallest lakes, but increased steadily until ca. 3 ha when it 179 was constant. S. trutta had an increasing function of altitude until 2300m, when it decreased 180 progressively, and it had a constant, decreasing function with walking distance from the 181 nearest town. Categorical variables representing different management practices contributed 182 to approximately half of the deviance explained by the model (28.1%), with morphometric 183 variables representing lake characteristics the other half (23.9%). The response surface for 184 water body location is not provided in this or subsequent figures as it was often complex and 185 offered no additional insights into the effects of the different predictor variables on species 186 occurrence. an active fish management area) which were significantly correlated with the probability of S. 202 fontinalis occurrence (Fig. A3b ). Access to a forestry road had a stronger weight in the model 203 explaining 71.3 % of deviance compared to the other significant variable (20.1%). 204
Finally, for the three trout species, none of the biological variables (e.g. the occurrence 205 of other trout species) were significant, suggesting that the probability of finding one 206 particular trout species is not directly linked with the previous presence of another species. 207
The role of National Parks in the conservation of lakes 208
In the previous statistical models, National Parks did not appear as a significant variable in 209 explaining the historical changes or the present trout distribution. Therefore, in order toin the number of lakes with fish during the twentieth century in Aigüestortes i Estany de Sant 212
Maurici National Park with the other areas, distinguishing the two management areas of the 213 National Park (Fig. 4a) . We found that among the three areas, the number of lakes with trout 214 only stopped increasing at the time of the ban (1988) in the area where fishing was prohibited, 215 while at the other areas it continued to increase. 216
The increase in the number introductions could partially be masked if, at the same time, 217 there were some lakes in which trout populations had gone extinct. Therefore we counted the 218 number of lakes that had been stocked during the twentieth century and the number that at 219 present are fishless in the three areas. The percentage of lakes that lost salmonid populations 220 was lowest in the fishing area of the National Park, while it was higher in the area of the 221 National Park where fishing is not allowed (Fig. 4b) , although, these differences were not 222 significant in the chi square tests (P > 0.1 in all cases). In contrast, the lakes where fish 223 disappeared had a significantly higher altitude and only half of the surface area ( Fig. 4c and d  224 respectively), suggesting that the disappearances basically occurred in lakes where 225 populations cannot persist and that had not been re-introduced, independently of the type of 226 protection area. Within the National Park, the slightly higher rate of population 227 disappearances in the fishing-prohibited area was likely due to re-stocking in the fishing-228 allowed area. 229
Discussion 232
First introductions: traditional exploitation of lakes 233
The first written documents describing the existence of fishing rights in high mountain lakes 234 of the Pyrenees dated back to the 14 th and 15 th centuries. These initial introductions for 235 traditional exploitation resulted in 26.5% of the lakes having introduced trout by 1900. 236
Similarly, in the northern side of the Pyrenees, it has been described that ca. 25% of the lakes 237 had fish prior to the onset of widespread introductions after 1936 (Delacoste et al. 1997) , 238 which might also be attributed to traditional fishing activities by local fishermen. Our findings 239 suggest that human exploitation of some of these lakes might have originated further back in 
centuries (Pechlaner 1984). The main difference between the introductions in the 256
Alps and the Pyrenees was that in the Alps the introductions and fishing were performed by 257 the nobility (e.g. King Maximillian I; Pechlaner 1984), while in the Pyrenees the rights of 258 exploiting the lakes were given to local towns in order to keep the population in the area. As a 259 result of this historical process those lakes that had been traditionally exploited for fish were 260 typically those closer to towns, and were also those of higher surface area, lower altitude and 261 bigger catchment size ( Fig. 1 and A2) . 262
Modern introductions and the role of management practices 263
With the onset of modern fish management that took place during the period 1960-2000, the 264 most significant factors explaining trout distribution were related with management practices. 265
However, different factors were important for the different species. For Salmo trutta, the 266 probability of occurrence was highest in helicopter stocking areas, and in active fish 267 management areas. The repeated use of helicopter stocking in recent decades has resulted in 268 extensive occurrence of trout in these areas and, as a result, in a high percentage of lakes with 269 fish (52.5%). In these areas the inverse relationship between trout presence and altitude is lost. 270
This result is similar to that found in other areas of the world where helicopters and 271 aeroplanes have been used for stocking trout, such as several mountain areas of West USA, 272
where trout is present in ca. 60% of lakes (Bahls 1992) . 273
In contrast to S. trutta, S. fontinalis was preferentially found in lakes with forestry road 274 access, while for O. mykiss it was preferentially found in lakes that had a forestry road access 275 but in areas that active fish management has been carried out. These two last species are 276 present in a much lower number of lakes, and also were introduced mainly between 1960 and 277 companies compensated local citizens by developing local fisheries that were used to 280 introduce these two species to the lakes around the area where hydroelectric schemes were 281 developed. The same hydroelectric development was responsible for the construction of 282 forestry roads that were in turn, the main routes serving for introducing these two species. 283
Amongst the species, S. fontinalis was mainly introduced in lakes with vehicle access. In the 284 1980s administrative changes shifted stocking responsibilities to local fishermen's societies 285 together with governmental agencies. This favoured the closure of S. fontinalis and O. mykiss 286 hatcheries and the consolidation of North and Central European strains of S. trutta in official 287 fish hatcheries. As a result, there has been a shift from using local stocks to using races from 288
different parts of central and northern Europe (Araguas et al. 2009). 289
Modern management practices have therefore resulted in high fish introductions during 290 the last few decades with a maximum during 1990s (Fig. 2) . As a result, trout have been 291 introduced in most lakes with higher fishing interest (e.g. lower altitude or bigger surface 292 area). This also explains that fish introductions dropped considerably during 2000. 293
Limits to trout survival: the role of lake characteristics 294
Lake characteristics were the second most important group of variables (altogether explaining 295 23.9% of deviance; Table A1 ) after those related with management. Amongst them lake 296 surface area was the most important variable. Similarly, in the Sierra Nevada (USA) Knapp 297 (1996) also found that those lakes with fish were significantly bigger than those without. The 298 possible role of lake surface area on trout occurrence is likely related with the probability of 299 population persistence. We found that those lakes that lost their fish populations had 300 significantly smaller surface area and higher altitude. Lake surface area and lake depth are 301 highly correlated in alpine lakes due to their common glacial origin ).
typical of these lakes; Ventura et al. 2000) can reach lake bottom or close to it, and therefore 304 kill all fish either directly due to disappearance of water or indirectly through disappearance 305 of oxygenated layers below the ice-cover. The second most important factor is lake altitude, 306 strongly correlated with lake temperature in alpine areas (Thompson et al. 2009 ). However, 307 temperature itself does not seem to be the main factor under altitude, since we explicitly 308 incorporated the accumulated summer temperature (Table 1) in the model and this variable 309
was not selected in the analysis. It is possible that the fraction of deviance explained by 310 altitude is more related with lake characteristics, such as benthic substrate composition, or the 311 probability of finding inlet streams, both needed for trout reproduction and therefore 312 population persistence (Wiley 2003) . 313
The presence of lakes with pH < 5.5 also explained a significant proportion of deviance 314 of S. trutta, being the probability of occurrence positively associated with pH. This species 315 cannot survive below this pH (Rosseland et al. 1999) . The Pyrenees has some lakes with such 316 a naturally low pH occurring due to substrate geology (Casals-Carrasco et al. 2009 ), where 317 although they have been stocked in the past, we do not find the presence of trout in any of 318 them. Other trout species such as S. fontinalis potentially would be able to survive in some of 319 these lower pH lakes (Korsu et al. 2007; Westley and Fleming 2011) . However, the history of 320
S. fontinalis introduction was closely linked with hydroelectric exploitations (see section 321
4.2.), and therefore the species has never been introduced in these lakes. 322
The role of National Parks 323
In this study we have found no significant effect of National Parks in the occurrence of S. 324 trutta, and surprisingly the probability of finding O. mykiss and S. fontinalis was higher inside 325 than outside National Parks. This finding contrasts with previous studies where theapparent contradiction is likely due to the higher abundance of hydroelectric exploitation 329 inside the Park. For these two species the presence of forestry roads (build almost exclusively 330 during lake impoundments) is one of the two most important factors explaining their 331 distribution. In addition, before prohibition of fishing in the National Park, these areas were 332 included within normal fish management areas, and therefore National Parks before the 333 1980s, had the coincidence of the two most relevant variables for explaining the occurrence of 334 these two species. 335
A closer examination of the number of lakes with fish in Aigüesteortes i Estany de Sant 336
Maurici National Park compared to the rest of the area (Fig. 4a) showed that in the area of the 337 National Park where fishing is forbidden, the number of lakes with trout stopped increasing 338 just at the time of the prohibition, while at the other areas, it continued to increase. This 339 finding illustrates that the only management practice that had an effect in the protection of 340 lakes is the prohibition of fishing. Although the most obvious route to avoid introductions 341 would be for governmental agencies to stop stocking trout, this is complicated by the fact that 342 through the history of trout introductions in the Pyrenees there have been several other agents 343 involved in these introductions in addition to governmental agencies (e.g. local citizens in the 344 past or local fishermen's societies in the last decades). As a result we have found some lakes 345 that have been stocked recently without the collaboration of the administration. 346
The social implications of prohibiting fishing would not be relevant if the prohibition is 347 implemented in those lakes that are at present fishless (at the moment there is the paradox that 348 some lakes have fishing rights while never being stocked with fish). It could also be 349 implemented in some particular lakes or groups of lakes that are especially important for the where trout populations have not been able to survive. We found a small percentage of 362 stocked lakes where trout disappeared (Fig. 4b) . As we discussed in section 4.3. the 363 disappearance was not related with any of the protection figures, but with physical lake 364 characteristics, such as higher altitudes and smaller surface areas (Fig. 4c, d ). Moreover, 365 previous studies have suggested that fish naturalisation is relatively infrequent, due to the 366 requirement of stream inlets connected with the lakes (Lek et al. 1996) . It is also possible that 367 we did not find a higher reduction of trout disappearances in the non-fishing area of the 368 National Park due to the relatively recent date of fishing prohibition. Previous studies have 369 described that it takes several decades (between 20 and 30 years, but in some circumstances 370 even 40) before populations disappear from the lakes where they have been introduced and 371 that have unsuitable characteristics for trout populations to persist (Knapp et al. 2005) . We 372 would expect, therefore, that in the next few decades there will be a higher increase of fish
Conclusions 376
The results found in this study, together with those of other areas (Knapp 1996; Wiley 2003) , 377
show that when fishing or fish stocking is forbidden, the number of lakes with trout stop 378 increasing and tend to decrease. In contrast, in National Parks where fishing and stocking are 379 allowed, the number of lakes with trout increase until nearly all have fish (fishing allowed 380 area of Aiguestortes i estany de Sant Maurici National Park, Fig. 4 ; and National Park of 381 Pyrénées; Delacoste et al. 1997) . In this latter case the conservation status of those animal 382 groups affected by fish introductions will be affected. Catalan, J., Vilalta, R., Weitzman, B., Ventura, M., Comas, E., Pigem, C., Aranda, R., 412
Ballesteros, E., Camarero, L., García Serrano, J., Pla, S., Sáez, A., Aiguabella, P., 1997. 413
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Materials and Methods
Additional description of the study area
The studied lakes range in altitude between 1600 and 2960 m with the highest 
Detailed description of the data collection and environmental variables
Biological Conservation 167 (2013) 17-24
Altitude and surface area were obtained from a GIS generated from 1:25000 maps from the various national agencies (Casals-Carrasco et al. 2009 ). Water temperature was the accumulated degree days (ADD) during the ice-free period calculated from daily maxmin temperature data using the sine-wave method, assuming the trigonometric sine curve as an approximation of the diurnal temperature curve and adding the area under the curve and above lower threshold of each day (Baskerville and Emin 1969) . We used the lower developmental temperature of 7.8°C as the lower threshold below which salmonid reproduction is not feasible (Elliott et al. 1995) . Daily water temperatures were obtained from 45 automatic thermometers (Vemco Minilog-T) deployed at a depth of ca. 1m in lakes covering a wide range of altitudes, surface areas and catchment sizes.
This ice-free accumulated temperature was assumed to be representative of the epilimnion (fish mainly feed and spend their time in this upper layer of lakes during the ice-free period) following previous limnological knowledge of these lakes and calibration measurements performed seasonally at different depths. The calculated
ADDs from the lakes with automatic thermometers were extrapolated to all other lakes using a regression model between ADD and various morphometric parameters. This was possible since the temperature variability in alpine areas follows a close relationship with altitude and also with lake size and water renewal time among other variables (Thompson et al. 2009 ). We chose this approach rather than assuming that altitude was the parameter mostly explaining differences in water temperature for getting a closer estimation of the differences in water temperature among this big subset of lakes covering a wide range of altitudes and morphometric variables. We introduced Where ALT and SURF are lake altitude and surface area (Table 1) , CS is the lake total catchment size and DC is the lake direct catchment size (i.e. the proportion of catchment not shared with other lakes that are upstream of the lake). This latter parameter equals CS when there are no lakes upstream and the ratio DC:CS is relevant since the presence of other lakes in the catchment changes the temperature of the streams flowing out of them. The ratio CS:SURF is indicative of the lake renewal time.
When using pH as an environmental variable, we used a binary variable which grouped lakes with pH<5.5, as below this pH fish are known not to be able to survive (Rosseland et al. 1999 ). In the Pyrenees, lakes with such low pH are naturally found in the areas underlain with Silurian slate. These rocks contain a high proportion of sulphates that give this natural acidity. The occurrence of these lakes was found by combining a lake lithological classification (Casals-Carrasco et al. 2009) The total walking distance was then obtained by adding UPWALK with DOWNWALK. We also used the size of the nearest town and the number of hotel beds at the time of the fish introduction obtained from national historical inventory surveys with the hypotheses that the bigger the town, the higher the probability of having people interested in introducing fish or that those towns with higher number of beds would have more tourists and that this therefore might increase the pressure for introducing fish. We also recoded if there was helicopter fish stocking in the area nearby to the lake during a certain period or if the lake had a forestry road giving car access to the lake.
The management practice variables considered were whether lakes belonged to National Hydroelectric production (HEP) is not only relevant for the potential direct effect of changing water levels on fish breeding, but also because HEP companies performed fish introductions in order to compensate local towns (owners of the historical rights of exploitation of lakes) from the potential negative effects of the water level fluctuations.
Finally we also used the presence of other trout species as a categorical variable to explore potential interferences and relationships among fish species.
Statistical analyses
Prior to analyses with the generalised additive models, we tested for collinearity among predictor variables by Pearson correlation coefficients (r) for all pair-wise combinations of continuous predictor variables. Correlation coefficients ranged between -0.71 and 0.60 (Table A2 ) and were well below the suggested cut-off of |r| 0.85 that would indicate collinearity for the sample size used in these analyses (Berry and Felman, 1985 in Knapp 2005) . Therefore, all predictor variables were included initially in the regression models. In the regression models, pi is the probability of finding the species at location i, and is defined as 
Where lo(•) represents a nonparametric loess smoothing function that characterizes the effect of each continuous independent variable on pi. The location covariate lo(LOCATION) was a smooth surface of UTM easting and northing (see Table 1 For all regression models, the relationship between the significant predictor variables and the probability of species occurrence is shown graphically in separate plots separating the unshared fraction of variance that each factor explains (Figures 3   and A3) . Each plot depicts a response curve that describes the contribution of the predictor variable to the logit line. More generally, the response curve shows the relative influence of the predictor variable on the probability of species occurrence. This response curve is based on partial residuals, is plotted on a log-scale, and is standardized to have an average value of 0. For example, a hump shaped response curve for the predictor variable elevation indicates that the fish species was, in a relative sense, most likely to be detected at sites at intermediate elevations and less likely to be detected at sites of both low and high elevations (Knapp et al. 2003) . All regressionrelated calculations were conducted using R (R Development Core Team 2010) using the function library gam. Table A1 for model details.
